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Abstract 
The aim of this paper is to present generalized research results and analyses of the quality of coatings produced with self 
decomposing Fe-Al intermetallic powders deposited on 1045 steel in the gas detonation spraying (GDS). A number of GDS experiments 
has been carried out with significantly changed operational spraying parameters (the volume of the fuel gas, carrier gas, distance and the 
frequency of spraying) which define the process energy level directly influencing the quality of the coating. On the basis of the initial 
results the choice of the process parameters has been made to obtain the most advantageous set of geometrical and physical-mechanical 
properties of the coating material and substrate. The quality of the coatings was considered by taking into account the grain morphology, 
chemical content, phase inhomogeneity, cohesive porosity, as well as adhesive porosity in the substrate coating joint. The coating 
roughness was also considered. It was found that all GDS coatings produced are built with lamellar splats which result from the GDS 
process transformed (changed plasticity and geometry) powder particles forming the deposit. The result of the GDS spraying parameters 
optimization is the lack of signs of melting of the material (even in microareas) while the geometry of the deposited grains is considerably 
changed. This phenomenon has been considered as a proof of high plasticity of the GDS formed Fe-Al intermetallic coatings. 
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1. Introduction 
 
During the analysis of the GDS process it has been found that 
the GDS Fe-Al intermetallic technique offers practically 
unlimited possibilities of spray parameters as well as coating 
chemical composition control and is very promising in that the 
coatings produced show unique properties (i.e. high abrasion, 
erosion and corrosion resistance, resistance to high temperatures 
and thermal shocks, good adhesion and low porosity) [1].  
The essence of GDS is the use of the energy of the gas 
mixture blast to heat and relay high kinetic energy to the particles 
of the powdered coating material [2]. GDS deposited coatings are 
formed through the collision with a substrate material and 
deformation of the small grains of the powder which, together 
with the detonation products, create metallic spray. The energy 
source of the bonds between the deposited powder, substrate and 
coating layers is high kinetic energy as well as low thermal 
energy accumulated in the two-phase metallic spray [3]. The 
characteristic lamellar structure of the GDS coatings is a result of 
impulsive deformation of the Fe-Al intermetallic powders and 
promotes formation of inhomogenous multiphase (composite) 
structure of the coatings. The research results from the WAT 
database show that this technique brings advantageous effects 
during both in ‘in situ’ coating deposition (pure elements powder 
spraying) [4], and in spraying of the powders produced in advance 
and powdered intermetallic phases [5-9]. However, although the 
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147possibilities of control of spray parameters as well as control of 
chemical composition of the coatings to obtain best metallurgical 
results are practically unlimited their choice is complex. The end 
result depends on many factors [1] out of which the most 
important are kinetic and thermal energy of the metallic spray 
formed in the barrel of the gas detonation gun. Moreover, the 
proper choice of powder size is important to avoid heating of the 
grains over their melting point temperature or their evaporation 
which was registered in case of <40µm self decomposing grains 
in high energy metallic spray. 
The main aim of the paper is to present generalized analysis 
of the interdependence between properly controlled technical 
parameters of the GDS process and quality of coatings produced 
with self decomposing Fe-Al intermetallic powders, and suggest 
the choice of spraying parameters to obtain the most 
advantageous quality of the coatings defined by a set of 
geometrical, morphological and physical-chemical properties of 
the coating grains. 
 
2. Materials and experimental procedure 
 
The material selected for coating application was Fe-Al powder 
with the composition FeAl-36% (producer warranted), and three 
particle sizes of <40µm; (38-75)µm and (80-125)µm. The powder 
was produced by the Institute of Technology of Alloys and 
Composites, Silesian University of Technology, Katowice, Poland 
in the self-decomposition process and was dried at the 
temperature of 100
oC for 15 mins prior to spraying. The GDS 
process was carried out in the SAT (Surface Advance 
Technology) company in Warsaw and a number of experiments 
involving different spraying parameters (discussed in the Results) 
which influence detonation energy of the detonation blend 
directly influencing metallurgical quality of the coating.  
The substrate was 1045 steel plate hardened and tempered, 
ground, stress relieved and cleaned in abrasive blasting with 24 µm 
aloxide, directly before spraying. 
The quality features of the coatings involving, for the purpose 
of this paper, inhomogeneity of the phase chemical composition, 
grain morphology, discontinuities in the form of nonmetallic 
defects and microcracks as well as adhesive porosities (in the 
coating-substrate joint) and cohesive porosities (in the coating 
volume) were analysed with Philips XL-30/LaB6 scanning 
microscope integrated with DX4i – EDAX X-ray microanalysis. 
The porosity of the coatings was assessed by 
photomicrograph quantitative analysis carried out with (SEM) 
Philips XL30/Lab6  programmed with SIS software. The Cavaleri-
Hacquerta [10] principle was applied, according to which the 
level of inner porosity of the GDS coatings (i.e. cohesive 
porosity) is defined with planimetric method as the ratio of the 
sum of pore surfaces to the total surface of the specimen. The 
adhesive porosity (in the coating substrate joint) was defined as a 
ratio of the sum of the lengths of pore chords to the length of 
measuring length on the specimen surface. The coating surface 
roughness was measured with PGM-1C prolifometer with 
G250BS head. The measurements were carried out on the 
measuring length of l=4mm at the head movement velocity of 
v=0,2mm/s and the static load of the blade of 3mN. 
 
 
3. Results 
 
Gas detonation spraying as any other method of the thermal 
deposition of coatings shows close correlation between the 
spraying  conditions and physical-chemical as well as 
morphological properties of the substrate. Therefore, it was 
considered necessary to carry out detailed researches and analyses 
(Tab. 1) of the results of GDS application to produce coatings out 
of different size Fe-Al powders. 
 
Table 1.  
Influence of the powder size on the coating quality during 
‘typical’ GD gun operational conditions 
Porosity
[%] 
 
GDS process analysis 
Kh Ad 
Ra 
[µm] 
>
4
0
 
µ
m
  - difficulty in the choice of the 
GDS parameters 
- thickness of the coatings differs 
- presence of oxide films 
2–4   to 
17  6,7–9,2
8
0
–
1
2
5
 
µ
m
 
- difficulty in coating deposition  >5  to 
20  23 
P
o
w
d
e
r
 
p
a
r
t
i
c
l
e
 
s
i
z
e
 
3
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  - cohesive and lamellar structure 
of the coatings 
- repeatable thickness of coating 
deposited in the same spraying 
conditions 
do 
0,5  7–12 5,7 
Kh – cohesive porosity 
Ad – adhesive porosity 
Ra – roughness 
 
 
In case of the powders the particle size of which was lower 
than 40µm the choice of proper GDS parameters was difficult and 
the coatings deposited in the same conditions had non-repeatable 
thickness (Fig. 1a,b) and considerably differed in their surface 
roughness (6,7-9,2)µm. Additional analysis of their chemical 
composition in the coating microareas confirmed the presence of 
Al2O3 oxide films especially in the surface of the coatings and the 
presence of strongly oxidized (although the oxidation degree 
varied) lamellar particles of coating material in the coating 
volume (Tab. 2).  
The results presented suggest that during GD spraying small 
particles of powders undergo intensive oxidation which is 
disadvantageous in case of coatings because the presence of 
oxides in the substrate-layer joint is responsible for the total loss 
of adhesivity, the key property in the GD coating applications 
(Fig.2a). If the spraying parameters are not optimized, strong 
oxidation of the coating particles can result in delamellation of the 
coating and its decohesion (Fig.2b). 
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Fig. 1. Microstructure of two coatings sprayed with <40 µm 
powders in the same spraying conditions. The thickness of the 
coatings is different. 
 
 
Table 2.  
Results of the microanalysis of the chemical composition of GD 
coating deposited with <40 µm powder particles 
Content [% at]  Grain 
area  Fe Al O2
Remarks 
Ligh 
grey  33 32 35  Al2O3 in FeAl coating 
Dark 
grey  36  50  14  FeAl lightly oxidised 
Grey   34  47  19  FeAl strongly oxidised 
 
 
 
Fig. 2. Example of coating sprayed with < 40 µm powder where 
delamellation in the coating-substrate joint (a) and coating volume 
(b) is evident 
 
 
It has been fund that the application of powder carrier gas 
(nitrogen 2-5%) reduces the effect of oxygen activity in the 
metallic spray and at the same time reduces the temperature and 
exit velocity of detonation products which considerably 
influences powder particles kinetic energy. This energy was a 
decisive factor which determined the quality of the coatings and 
especially their cohesive porosity the value of which was (2-4)% 
with a tendency to grow as the volume of the carrier gas grew. 
There were considerable difficulties in depositing GD 
coatings with 80 do 125µm particle size powders and the coating 
porosity was high (over 5%) – Fig3. The surface roughness 
parameter Ra exceeded the value of 23µm. The difficulty in 
deposing GD coatings on the steel substrate with high particle size 
powders results most probably from the ‘abrasion effect’ 
characterized by pulling out and removing from the substrate 
already deposited particles during a cyclic interaction of the two-
phase metallic spray (detonation products and the high particle 
sized powder). 
 
 
Fig. 3. An example of the structure of GDS coating deposited 
with 125 µm particle size powder (porosity >5%) 
 
Eventually it turned out that depositing a coating of lamellar 
structure, low cohesive porosity and repeatable thickness is 
relatively easy if (38-75)µm particle size powders are applied – 
Fig.4  
 
 
Fig. 4. An example of structure of the coating deposited with (38–
75) µm particle size powder 
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149Therefore, the (38-75)µm particle size powder was used for 
further research and a number of GDS experiments with 
considerably different parameters controlling the blast energy of 
the detonation blend were carried out.  
The research proved that even insignificant changes in one of 
the parameters of GDS (the volume of fuel gas, oxidant, carrier 
gas, the spraying distance or frequency of spraying) considerably 
influences the value of kinetic and thermal energy of the process 
which are decisive factors for the quality of the GDS coatings. 
It was found that the change of the process parameters 
{pressure: propane-butane (0,008-0,025) MPa, oxygen (0,005-
0,015) MPa, nitrogen (0,001-0,005) MPa, spraying distance (160-
250)mm and the frequency of spraying (3-6) Hz}, result in 
considerably different values of the detonation energy of the 
detonation blend classified as ‘high’, ‘typical’ and ‘low’. By 
limiting the parameters to the following range of pressures 
{propane-butane (0,019-0,025) MPa, oxygen (0,009-0,015) MPa, 
nitrogen (0,003-0,005) MPa) and shortening spraying distance to 
(200-250)mm, at the frequency of (4-6) Hz}, the high value of 
detonation energy of the detonation blend is achieved. This is 
proved by the high degree of deformation of the substrate surface 
(1045 steel) and the range of geometrical changes of lamellarly 
deposited coating grains which are flat and disintegrated (in the 
microareas) (Fig. 5). Moreover, the high value of detonation 
energy of the detonation blend is proved by high temperature of 
the sprayed powder particles which is evaluated by signs of local 
overheating of the substrate material or even partial melting or 
evaporation of the low size powder particles. 
 
 
Fig. 5. An example of structure of the coating deposited with (38–
75) µm particle size powder in the high value of detonation 
energy of the detonation blend 
 
 
By controlling and steering individual parameters (presented 
above) the gradual decrease in the value of detonation energy of 
the detonation blend was possible to the values classified as ‘low’, 
and the following regularities were recorded:  
  the decrease in the GDS gun operational frequency 
(from 6 to 3Hz) results in the decrease of the temperature 
value of the detonation products which is clearly seen if the 
spraying distance is diminished to 160mm; 
  the reduction of pressure and consequently the reduction 
of the flow rate of propane–butane (from 0,025 to 0,008 
MPa), and simultaneous increase of the oxygen volume 
(from 0,005 to 0,015 MPa) reduces kinetic energy of the 
metallic spray which results in lower deformation of the 
powder particles forming the coating which is clearly seen 
at the spraying distance reduced to (160mm). The coatings 
produced in these conditions have higher cohesive porosity 
(even up to 4% - Fig. 6a), and in some cases (Fig6b) it can 
be assumed that the homogenity of the flow of the two-
phase metallic spray is disturbed; 
  the increase in the pressure and consequently the 
increase in the flow rate of nitrogen (powder carrier and 
moderant of the process, preventing self-ignition in the 
mixing channel of the detonation gun) from (0,001 to 0,005) 
MPa, considerably reduces thermal and kinetic energy of 
the detonation products and powder particles exiting the gun 
in the detonation wave, regardless of the spraying distance. 
 
 
Fig. 6. The structure of the coating deposited at diminished 
value of detonation energy of the blast mixture   
(propane-butane 0,008 MPa; oxygen 0,015 MPa) 
 
Table. 3.  
GDS operational conditions for the ‘typical’ value of detonation 
energy of the blast mixture for 38–75 µm particle sized powders 
GDS gun operational conditions 
Fuel gas  propane-butane   
Oxidant oxygen  0,015  MPa 
Carrier gas  nitrogen  0,008 MPa 
Spraying distance    230 mm 
Detonation 
frequency   5  Hz 
 
 
In the analysis of the results it was found that the best 
matallurgical quality of the coatings was achieved for GDS 
parameters assuring the ‘typical’ value of the detonation energy of 
the mixture (Tab. 3), for which the coatings deposited are built 
with lamellar splats formed by the powder particles which 
undergo strong plastic deformation and geometrical changes 
during their transformation into the coating material (Fig. 7). 
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 Fig. 7. Morphology of strongly deformed, dispersive grains of the 
GD coating, deposited with (38–75) µm particle size powder in 
optimized GD spraying parameters. 
 
 
These effects of geometrical changes and simultaneous lack 
of signs of melting of the coating material (even in microareas) 
are a proof of high plasticity of intermetallic grains of the self-
decomposing powder in the GD spraying conditions (under the 
prevailing influence of the temperature and the speed of 
deformation, and, in the first place, hydrodynamic interaction of 
the spray of detonation products) and a confirmation of the proper 
choice of spraying parameters. 
The quantative results of cohesive porosity prove that the 
coatings deposited are extremely cohesive in their volume (the 
porosity value is lower than 0,5 %). However, the value of 
adhesive porosity which describes the adhesive strength of the 
material in the coating/substrate joint, is, unfortunately, one order 
of magnitude higher and equals on average from 7 to 12%. 
Both cohesive and adhesive porosities are enhanced by the 
presence of single, individual powder particles – coating grains 
which did not undergo sufficient deformation in their collision 
with the substrate or already deposited coating, most probably due 
to the partial distortion of the laminar flow or the change in the 
thermo-dynamic parameters of the detonation product. 
Presented hypothesis concerning the process of the porosity 
development is supported by the natural for the GD spraying 
lamellar structure of the coating material, resulting from 
‘shooting’ onto the substrate material of plasticised powder 
particles which undergo strong deformation and build up 
‘composite’ structure coating layers cooling down and reheating 
(until plasticised) in successive influxes of the product detonation 
waves. 
In case of the Fe-Al intermetallic self-decomposing powders 
used in the research the ‘composite’ nature of the GD coatings is 
clearly visible because of the existence of the dispersive 
intermetallic phases with different ordering (depending on the 
aluminium contents) and considerable participation of oxygen 
influencing the creation of stable and durable oxide layers (mainly 
Al2O3). Most probably it is the high ordering of intermetallic 
phases with increased amount of aluminium and the existence of 
Al2O3  oxide layers coupled with high kinetic energy of GD 
spraying which is the reason of the formation of visible 
microcracks (Fig.8) running perpendicularly to the lamellar splats 
which, in turn, proves that the splat boundaries are not prone to 
development of cracks and have high degree of cohesive strength. 
One can also assume that the crack resistance of the FeAl 
phases with different oxidation degree is similar, as the 
microcracks run through several layers of the coating splats (their 
usual length is up to 20 µm). 
Perpendicular orientation of the microcracks to the coating 
surface allows one to infers that the cracking is caused by 
dominating thermal tensile stresses  in the condition of high 
brittleness of the phases and is initiated during cooling down of 
the deposited coating, as a result of difference in the linear 
coefficient of the  thermal expansion  the value of which is 
α=(12x10
-6) for steel and α=(18x10
-6) for FeAl. 
In the final phase of the evaluation of metallurgic quality of 
the coatings, attention was paid to the geometry of their surface 
layer. The surface roughness is a very important parameter 
influencing the properties of the GD sprayed coating and depends 
on many physical-chemical factors which easily undergo changes 
in this high energy process.  
The examination of the surface roughness of the coating 
deposited with (38–75) particle size powder in typical GD 
spraying conditions showed moderate value of roughness 
(average Ra≈5,7µm) in comparison to the roughness of the 
coating deposited with approximately 125µm particle size powder 
where the average equaled Ra≈23µm. At the same time it was 
shown that the mean arithmetic deviation of the roughness profile 
of the surface of 1045 steel gritted before GD spraying was 
Ra≈14,7µm. 
 
 
Fig. 8. Microstructure of the GDS coating (with characteristic 
microcracks running perpendicularly to the boundaries of the 
lamellar splats ) deposited with (38–75) µm particle size powder 
at high value of the detonation energy of the detonation mixture 
(propane-butane 0,023 MPa; oxygen 0,015 MPa) 
 
4. Conclusion 
 
The paper presented the evaluation of both the influence of 
the particle size parameter of the FeAl self decomposing powder 
and the GD spraying parameters on the metallurgical quality of 
the deposited coatings. One of the most important conclusions 
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quality of the coatings is achieved with self decomposing powder 
particles the sizes of which are (38–75)µm. It was also determined 
that the quality of the coatings is equally influenced by detonation 
energy of the detonation blend which is controlled by GD 
spraying parameters such as the volume of fuel gas, oxidant, 
carrier gas spraying distance and spraying frequency. It was found 
that the best metallurgical quality of the coatings was achieved for 
the parameters of GDS process which ensure the blend detonation 
energy value defined as ‘typical’. The deposited coatings are built 
with lamellar splats which result from powder particles 
transformed in the GDS process i.e. undergoing plastic 
deformations and geometrical changes. Moreover, on the basis of 
the claim that the value of cohesive porosity of the GD sprayed 
coatings should correlate with the roughness value of the surface 
(characterized by mean arithmetic deviation of the roughness 
parameter Ra) the analysis of these parameters was carried out 
(Tab. 1) and conclusion was drawn that the lowest surface 
roughness value (Ra=5,7µm) was found for the coating with the 
lowest cohesive porosity (below 0.5%). 
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